INTRODUCTION
============

Since the discovery of serum aminotransferases in the early 1960s, serum aminotransferase levels, including serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST), have been widely used as indicators of liver function and have also recently gained attention as emerging predictors of cardiovascular disease \[[@r1]--[@r4]\].

In general, there have been concerns that elevated serum aminotransferase levels in the preoperative period may be associated with poor postoperative outcomes \[[@r5], [@r6]\]. This may be partly due to the possibility of hepatocellular damage caused by liver diseases, such as non-alcoholic fatty liver disease, hepatitis, and liver cirrhosis. Furthermore, because of the intimate interaction between the heart and liver \[[@r7], [@r8]\], elevated preoperative serum aminotransferase levels may be associated with poor postoperative outcomes, especially in patients undergoing cardiovascular surgery.

Conversely, it has been suggested that lower serum aminotransferase activity may be linked to aging-related frailty, reduced liver size, and reduced hepatic blood flow, which could increase vulnerability to various diseases or complications \[[@r9]--[@r12]\]. Indeed, several recent studies have reported that low serum aminotransferase levels could be associated with increased mortality, especially in the elderly population \[[@r3], [@r4], [@r10]--[@r12]\]. Thus, given the growing proportion of elderly patients undergoing cardiovascular surgery, low serum aminotransferase levels may also be associated with adverse postoperative outcomes.

Taken together, both low and high preoperative serum aminotransferase levels may be associated with poor outcomes after cardiovascular surgery. To date, no studies have been conducted to verify this hypothesis. Previous studies have only focused on abnormally elevated serum aminotransferase levels or the De Ritis ratio (defined as the ratio of AST/ALT; proposed by Fernando De Ritis in 1957, the ratio has been used to differentiate liver diseases, such as alcoholic hepatitis) in non-cardiac surgery \[[@r6], [@r13]--[@r16]\]. The objective of the present study was to investigate the associations between preoperative serum AST, ALT, and the De Ritis ratio with survival after cardiovascular surgery and to assess whether the mortality risk associated with preoperative serum aminotransferase levels is age-dependent.

RESULTS
=======

Patient characteristics
-----------------------

Of the 6852 patients assessed for eligibility, 6264 patients were included in the final analysis ([Figure 1](#f1){ref-type="fig"}). The category boundaries of the preoperative serum aminotransferase groups (according to their distribution: low, ≤20th percentile; middle, 20th--80th percentile; high, \>80th percentile) are shown in [Figure 1](#f1){ref-type="fig"}.

![**Flow diagram of the study.** ALT: alanine aminotransferase; AST: aspartate aminotransferase.](aging-11-102374-g001){#f1}

[Table 1](#t1){ref-type="table"} shows the baseline characteristics of the study population. The median age was 62 years (interquartile range, 52--70 years) and 40.4% were women. The patients' characteristics according to each aminotransferase category are shown in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}. The age and the proportion of women were significantly higher, and the body mass index was lower for patients in the low ALT category. Patients in the high AST category were more likely to have a history of atrial fibrillation and heart failure and to have received preoperative inotropic or vasopressor agents.

###### Patient characteristics.

  --------------------------------- --------------------- --------------------- ---------------------
                                    **Survivor**          **Non-survivor**      **Total**
  *N*                               6081                  183                   6264
  Age (years)                       61 \[52--70\]         70 \[62--74\]         62 \[52--70\]
  Female sex                        2444 (40.2)           86 (47.0)             2530 (40.4)
  Body mass index (kg/m^2^)         23.9 \[21.8--26.1\]   23.0 \[20.6--25.3\]   23.9 \[21.7--26.0\]
  Diabetes mellitus                 1476 (24.3)           57 (31.1)             1533 (24.5)
  Hypertension                      2953 (48.6)           111 (60.7)            3064 (48.9)
  Dyslipidemia                      4507 (74.1)           117 (63.9)            4624 (73.8)
  Congestive heart failure          432 (7.1)             27 (14.8)             459 (7.3)
  Coronary revascularization        547 (9.0)             26 (14.2)             573 (9.1)
  Liver disease                     322 (5.3)             22 (12.0)             344 (5.5)
  Alcohol                           261 (4.3)             3 (1.6)               264 (4.2)
  Acute coronary syndrome           731 (12.0)            22 (12.0)             753 (12.0)
  Atrial fibrillation               1296 (21.3)           64 (35.0)             1360 (21.7)
  EuroSCORE (logistic)              3.5 \[1.9--6.9\]      9.8 \[4.8--20.2\]     3.7 \[2.0--7.1\]
  MELD Xi^\*^                       9.0 \[9.0--11.0\]     11.0 \[9.0--14.0\]    9.0 \[9.0--11.0\]
  Ejection fraction (%)^\*^         60.0 \[54.0--65.0\]   60.0 \[48.5--63.5\]   60.0 \[54.0--65.0\]
  Pulmonary hypertension^\*^        1786 (29.5)           74 (40.4)             1860 (29.8)
  Hematocrit (%)                    38.9 \[35.2--42.0\]   34.0 \[30.1--38.6\]   38.8 \[35.0--41.9\]
  Creatinine (μmol/L)               80 \[62--88\]         88 \[71--124\]        80 \[62--88\]
  eGFR (ml/min/1.73 m^2^)           87.1 \[70.9--98.3\]   68.8 \[49.0--86.2\]   86.8 \[70.2--97.9\]
  Albumin (g/L)^\*^                 38 \[35--41\]         35 \[30--38\]         38 \[35--41\]
  Bilirubin (μmol/L)^\*^            10.3 \[6.8--15.4\]    12.0 \[8.6--18.8\]    10.3 \[6.8--15.4\]
  ALT (IU/L)                        19 \[14--27\]         15 \[11--21\]         19 \[14--27\]
  ALT \>40 IU/L                     612 (10.1)            11 (6.0)              623 (9.9)
  ALT \>80 IU/L                     96 (1.6)              3 (1.6)               99 (1.6)
  AST (IU/L)                        22 \[18--28\]         23 \[17--32\]         22 \[18--28\]
  AST \>40 IU/L                     458 (7.5)             27 (14.8)             485 (7.7)
  AST \>80 IU/L                     61 (1.0)              6 (3.3)               67 (1.1)
  De Ritis ratio                    1.2 \[0.9--1.5\]      1.5 \[1.1--2.0\]      1.2 \[0.9--1.5\]
  Sodium (mmol/L)^\*^               140 \[138--142\]      138 \[135--141\]      140 \[138--142\]
  Uric acid (μmol/L)^\*^            327 \[262--399\]      339 \[274--434\]      327 \[262--399\]
  C-reactive protein (nmol/L)^\*^   0.95 \[0.95--3.8\]    3.8 \[0.95--19\]      0.95 \[0.95--3.8\]
  ACEI or ARB                       2699 (44.4)           90 (49.2)             2789 (44.5)
  β-blocker                         2785 (45.8)           82 (44.8)             2867 (45.8)
  Calcium channel blocker           2844 (46.8)           93 (50.8)             2937 (46.9)
  Diuretics                         2628 (43.2)           105 (57.4)            2733 (43.6)
  Statin                            2900 (47.7)           81 (44.3)             2981 (47.6)
  Insulin                           930 (15.3)            37 (20.2)             967 (15.4)
  Inotropes/vasopressors            198 (3.3)             15 (8.2)              213 (3.4)
  Type of surgery                                                               
   Coronary artery bypass           1704 (28.0)           27 (14.8)             1731 (27.6)
   Valve                            2717 (44.7)           66 (36.1)             2783 (44.4)
   Aorta                            370 (6.1)             29 (15.8)             399 (6.4)
   Other                            267 (4.4)             4 (2.2)               271 (4.3)
   Combined                         1023 (16.8)           57 (31.1)             1080 (17.2)
  Urgent surgery                    177 (2.9)             15 (8.2)              192 (3.1)
  Off-pump surgery                  1456 (23.9)           17 (9.3)              1473 (23.5)
  Operation time (min)              270 \[220--339\]      389 \[302--523\]      273 \[221--343\]
  CPB time (min)                    111 \[46--158\]       183 \[109--250\]      112 \[50--161\]
  --------------------------------- --------------------- --------------------- ---------------------

Data are expressed as the number of patients (%) and mean (± standard deviation) or median \[interquartile range\].

^\*^Variables with missing values: Ejection fraction (5/6264; 0.08%), pulmonary hypertension (28/6264; 0.45%), albumin (1/6264; 0.02%), bilirubin (1/6264; 0.02%), sodium (1/6264; 0.02%), uric acid (2/6264; 0.03%), C-reactive protein (295/6264; 4.71%), and MELD Xi (1/6264; 0.02%).

SI conversion factors: To convert ALT and AST to μkat/L, multiply values by 0.0167.

EuroSCORE: The European System for Cardiac Operative Risk Evaluation; MELD Xi: Model for End-stage Liver Disease eXcluding INR; eGFR: estimated glomerular filtration rate; ALT: alanine aminotransferase; AST: aspartate aminotransferase; ACEI: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker; CPB: cardiopulmonary bypass.

Age-dependent relationship between serum aminotransferase and postoperative mortality
-------------------------------------------------------------------------------------

The survival status of all patients was completely identified 90 days postoperatively. Postoperative outcomes are shown in [Table 2](#t2){ref-type="table"}. Of the 6264 patients, 183 (2.92%) died within 90 days postoperatively (median time to death, 17 days \[interquartile range, 5--38 days\]). Ninety-day mortality rates were higher for patients in the low ALT category (5.0% *vs.* 2.3% *vs.* 2.1%; *P\<*0.001), high AST category (3.3% *vs.* 2.3% *vs.* 4.4%; *P=*0.001), and high De Ritis ratio category (1.3% *vs.* 2.3% *vs.* 6.3%; *P\<*0.001).

###### Postoperative outcomes in the study groups.

  ------------------------------------- ------------ ------------ ------------ ------------ ------------ ------------ -------------
                                        **ALT**      **AST**      **Total**                                           
  **Low**                               **Middle**   **High**     **Low**      **Middle**   **High**                  
  *N*                                   1528         3512         1224         1384         3687         1193         6264
  90-day death                          77 (5.0)     80 (2.3)     26 (2.1)     46 (3.3)     85 (2.3)     52 (4.4)     183 (2.9)
  In-hospital death                     73 (4.8)     80 (2.3)     26 (2.1)     42 (3.0)     85 (2.3)     52 (4.4)     179 (2.9)
  Prolonged hospital length of stay     399 (26.1)   714 (20.3)   250 (20.4)   279 (20.2)   754 (20.5)   330 (27.7)   1363 (21.8)
  Major adverse cardiovascular events   80 (5.2)     148 (4.2)    52 (4.2)     52 (3.8)     143 (3.9)    85 (7.1)     280 (4.5)
  Stroke                                49 (3.2)     72 (2.1)     25 (2.0)     41 (3.0)     73 (2.0)     32 (2.7)     146 (2.3)
  Pulmonary complications               202 (13.2)   316 (9.0)    97 (7.9)     139 (10.0)   339 (9.2)    137 (11.5)   615 (9.8)
  Acute kidney injury                   181 (11.8)   288 (8.2)    80 (6.5)     128 (9.2)    297 (8.1)    124 (10.4)   549 (8.8)
  Gastrointestinal complications        20 (1.3)     32 (0.9)     12 (1.0)     13 (0.9)     40 (1.1)     11 (0.9)     64 (1.0)
  ------------------------------------- ------------ ------------ ------------ ------------ ------------ ------------ -------------

Data are expressed as the number of patients (%).

ALT: alanine aminotransferase; AST: aspartate aminotransferase.

Univariate analysis revealed low preoperative ALT and high De Ritis ratio categories were associated with anincreased risk of 90-day mortality. In the AST, both low and high categories were associated with an increased risk of 90-day mortality ([Table 3](#t3){ref-type="table"}). After adjustments in the multivariable analyses (included variables: sex, age, body mass index, estimated glomerular filtration rate, type of surgery, urgent surgery, ejection fraction, pulmonary hypertension, acute coronary syndrome, liver disease, statin, alcohol consumption, albumin, and bilirubin), the low ALT and high De Ritis ratio categories were determined to be independently associated with increased 90-day mortality risk ([Table 3](#t3){ref-type="table"} and [Figure 2](#f2){ref-type="fig"}). Although preoperative AST appeared to have a U-shaped hazard function for postoperative mortality, there were no statistically significant associations between AST and 90-day mortality ([Figure 2](#f2){ref-type="fig"}).

###### Impact of preoperative serum aminotransferase levels on 90-day mortality.

  ----------------------- ----------- -------------- -------------------------- ----------------------- ----------------------------
                          **Death**   **Patients**   **Cumulative mortality**   **Unadjusted**          **Multivariable adjusted**
                          No.         No.            Rate (95% CI)              Hazard ratio (95% CI)   Hazard ratio (95% CI)
  ALT                                                                                                   
   Low (≤13 IU/L)         77          1528           5.0 (3.9--6.1)             2.25 (1.65--3.08)^‡^    1.58 (1.14--2.18)†
   Middle (13--30 IU/L)   80          3512           2.3 (1.8--2.8)             1 (reference)           1 (reference)
   High (\>30 IU/L)       26          1224           2.1 (1.3--2.9)             0.93 (0.60--1.45)       0.95 (0.60--1.49)
  AST                                                                                                   
   Low (≤17 IU/L)         46          1384           3.3 (2.4--4.3)             1.45 (1.02--2.08)^\*^   1.31 (0.91--1.89)
   Middle (17--30 IU/L)   85          3687           2.3 (1.8--2.8)             1 (reference)           1 (reference)
   High (\>30 IU/L)       52          1193           4.4 (3.2--5.5)             1.91 (1.35--2.70)^‡^    1.39 (0.96--2.01)
  De Ritis ratio                                                                                        
   Low (≤0.85)            17          1274           1.3 (0.7--2.0)             0.57 (0.34--0.96)^\*^   0.74 (0.44--1.25)
   Middle (0.85--1.62)    87          3745           2.3 (1.8--2.8)             1 (reference)           1 (reference)
   High (\>1.62)          79          1245           6.3 (5.0--7.7)             2.79 (2.05--3.78)^‡^    1.59 (1.15--2.20)^†^
  ----------------------- ----------- -------------- -------------------------- ----------------------- ----------------------------

^\*^*P\<*0.05, ^†^*P\<*0.01, ^‡^*P\<*0.001.

SI conversion factors: To convert ALT and AST to μkat/L, multiply values by 0.0167.

ALT: alanine aminotransferase; AST: aspartate aminotransferase; CI: confidence interval.

![The adjusted hazard ratio for ALT (**A**), AST (**B**) and the De Ritis ratio (**C**) for postoperative 90-day mortality. Solid lines indicate the hazard ratio according to ALT, AST, and De Ritis ratio splines with medians (19 IU/L for ALT, 22 IU/L for AST and 1.18 for the De Ritis ratio) as a reference. The shaded area represents the 95% confidence interval. Dots indicate the hazard ratio according to ALT, AST, and De Ritis ratio groups. Error bars represent the 95% confidence intervals. SI conversion factors: To convert ALT and AST to μkat/L, multiply values by 0.0167. ALT: alanine aminotransferase; AST: aspartate aminotransferase; CI: confidence interval.](aging-11-102374-g002){#f2}

The relationship between low ALT and high De Ritis ratio categories with 90-day mortality was more pronounced in patients older than 60 years ([Figure 3](#f3){ref-type="fig"}). However, interaction between aminotransferase levels and liver disease were not statistically significant (*P=*0.96 for ALT, *P=*0.35 for AST, and *P=*0.44 for De Ritis ratio).

![**Kaplan-Meier estimated postoperative 90-day cumulative mortality and adjusted hazard ratios according to the ALT, AST, and De Ritis ratio groups stratified by age.** Asterisks indicate the statistical significance. ^\*^ *P\<*0.05, ^\*\*^ *P\<*0.001. ALT: alanine aminotransferase; AST: aspartate aminotransferase; HR: hazard ratio; CI: confidence interval.](aging-11-102374-g003){#f3}

Incremental value of serum aminotransferase as a prognostic marker
------------------------------------------------------------------

The addition of preoperative serum ALT and De Ritis ratio into the multivariable model significantly improved the model's predictive ability (net reclassification improvement: 17.81% \[95% confidence interval (CI) 5.95%--25.06%, *P*\<0.001\] for ALT, 15.19% \[95% CI 3.02%--26.28%, *P*=0.01\] for De Ritis ratio; integrated discrimination improvement: 0.42% \[95% CI 0.07%--1.38%, *P*\<0.01\] for ALT, 0.62% \[95% CI 0.21%--1.66%, *P*\<0.001\] for De Ritis ratio). In contrast, preoperative AST provided less incremental prognostic information beyond clinical risk factors (net reclassification improvement, 12.84% \[95% CI -3.19%--20.04%, *P*=0.09\]; integrated discrimination improvement, 0.24% \[95% CI 0.00%--1.18%, *P*=0.04\]).

Association with secondary outcomes and sensitivity analysis
------------------------------------------------------------

[Figure 4](#f4){ref-type="fig"} shows the adjusted associations between aminotransferase levels and exploratory secondary outcomes. The preoperative low ALT group was associated with a higher risk for in-hospital mortality. The preoperative high AST group was associated with postoperative major adverse cardiovascular events. The high De Ritis group was associated with a higher risk of in-hospital mortality, prolonged hospital length of stay, major adverse cardiovascular events, pulmonary complications, and acute kidney injury. Our findings were preserved across the sensitivity analyses ([Table 4](#t4){ref-type="table"}).

![**Secondary outcomes.** Dots indicate the adjusted odds ratio of secondary outcomes according to the ALT, AST, and De Ritis ratio groups. Error bars represent the 95% confidence intervals. Asterisks indicate the statistical significance. ^\*^ *P\<*0.05, ^\*\*^ *P\<*0.01, ^\*\*\*^ *P\<*0.001. ALT: alanine aminotransferase; AST: aspartate aminotransferase; CI: confidence interval.](aging-11-102374-g004){#f4}

###### Sensitivity analysis.

  ---------------- ------------------------------- -------------------------------- ------------------------------------ ----------------------- ----------------- -----------------------
                   **Sensitivity analysis I^‡^**   **Sensitivity analysis II^§^**   **Sensitivity analysis III^\|\|^**                                             
  **Boundary**     **HR (95% CI)**                 **Boundary**                     **HR (95% CI)**                      **Boundary**            **HR (95% CI)**   
  ALT (IU/L)                                                                                                                                                       
   Low             ≤11                             1.43 (1.01--2.02)^\*^            ≤9                                   1.20 (0.79--1.84)       ≤13               1.69 (1.23--2.34)^†^
   Middle                                          1 (reference)                                                         1 (reference)                             1 (reference)
   High            \>35                            0.88 (0.54--1.44)                \>23                                 0.68 (0.47--0.99)^\*^   \>30              0.95 (0.61--1.48)
  AST (IU/L)                                                                                                                                                       
   Low             ≤16                             1.32 (0.89--1.95)                ≤17                                  1.39 (0.90--2.14)       ≤17               1.35 (0.93--1.96)
   Middle                                          1 (reference)                                                         1 (reference)                             1 (reference)
   High            \>34                            1.42 (0.96--2.09)                \>22                                 1.27 (0.86--1.86)       \>30              1.38 (0.97--1.97)
  De Ritis ratio                                                                                                                                                   
   Low             ≤0.78                           0.57 (0.30--1.10)                ≤1.19                                0.63 (0.44--0.91)^\*^   ≤0.85             0.58 (0.34--0.99)^\*^
   Middle                                          1 (reference)                                                         1 (reference)                             1 (reference)
   High            \>1.75                          1.67 (1.21--2.32)^†^             \>2.06                               1.54 (1.05--2.26)^\*^   \>1.62            1.59 (1.15--2.21)^†^
  ---------------- ------------------------------- -------------------------------- ------------------------------------ ----------------------- ----------------- -----------------------

^\*^*P\<*0.05, ^†^*P\<*0.01.

^‡^Serum aminotransferase levels were categorized into ≤15th percentile, 15th--85th percentile, and \>85th percentile.

^§^Serum aminotransferase levels were categorized by "K-Adaptive Partitioning for survival data" method.

^‡\ §^Adjusted by sex, age, body mass index, estimated glomerular filtration rate, type of surgery, urgent surgery, ejection fraction, pulmonary hypertension, acute coronary syndrome, albumin, bilirubin, liver disease, statin, and alcohol.

^\|\|^Adjusted with EuroSCORE, MELD Xi, diabetes mellitus, hypertension, heart failure, coronary revascularization, atrial fibrillation, hematocrit, sodium, uric acid, diuretics, C-reactive protein, inotropes/vasopressors, dyslipidemia, alcohol, albumin, and liver disease.

SI conversion factors: To convert ALT and AST to μkat/L, multiply values by 0.0167.

ALT: alanine aminotransferase; AST: aspartate aminotransferase; HR: hazard ratio; CI: confidence interval.

DISCUSSION
==========

Key findings
------------

This observational study of 6264 patients who underwent cardiovascular surgery showed that after adjusting for potential confounders, a low preoperative serum ALT level and high De Ritis ratio were associated with increased postoperative 90-day mortality, but preoperative AST levels were not. Furthermore, the relationships of preoperative ALT and De Ritis ratio to postoperative mortality were modified by age, with more pronounced associations in older patients (\>60 years). ALT and De Ritis ratio also provided incremental values for risk prediction beyond clinical risk factors.

Interpretation
--------------

The negative correlation between the preoperative serum ALT level and postoperative mortality may be contrary to most clinicians' expectations and seems paradoxical. ALT is a liver-specific enzyme, so serum ALT elevation is a predominant marker of liver cell damage, which has been postulated to have a negative impact on postoperative outcome. Surprisingly, our results suggest that postoperative survival was not worse in patients with high preoperative ALT, but was worse in those with low ALT. This is consistent with the results of previous studies of the general population. The inverse relationship between serum ALT and mortality was first reported in 2006 by Elinav et al. \[[@r10]\], and subsequent studies validated this concept in different cohorts \[[@r4], [@r11], [@r12], [@r17]--[@r19]\]. Meta-analyses also confirmed that low serum ALT levels were associated with increased overall and cardiovascular mortality in older populations \[[@r2], [@r3]\]. Similar results were reported in patients with heart failure \[[@r20]\], diabetes \[[@r21]\], and previous myocardial infarction or stroke \[[@r4]\]. The exact mechanism involved in the relationship between low serum ALT levels and increased mortality has not yet been elucidated. However, previous researchers have postulated that low ALT levels might be a marker of hepatic aging and frailty, since low ALT is more strongly associated with risk of death in the elderly \[[@r2], [@r3]\]. Serum ALT was substantially lower in older patients, and low ALT may reflect hepatic aging, which accompanies a decrease in liver volume and functional liver cells \[[@r10], [@r11], [@r22]\]. Furthermore, decreased ALT levels were associated with frailty as defined by Fried's frailty criteria and a frailty questionnaire score (FRAIL scale: Fatigue, Resistance, Ambulation, Illnesses, and Loss of Weight) \[[@r11], [@r12], [@r23]\]. A recent study also showed that low ALT levels were linked with sarcopenia, a common condition in frail patients \[[@r12]\]. Our results showed the association of ALT with postoperative mortality was more significant in older patients. Hence, it may be plausible that low ALT could be a marker of frailty and liver aging. Another possible explanation is that low ALT may represent poor nutritional status \[[@r10], [@r12], [@r20]\]. Vitamin B~6~ deficiency, which is commonly accompanied by malnutrition, decreases serum ALT levels by reducing hepatic ALT synthesis \[[@r24]\]. In addition, vitamin B~6~ deficiency results in further lowering the detected level of serum ALT, as the serum ALT assay requires sufficient vitamin B~6~ in the patient's serum as a cofactor \[[@r24]\]. Another noteworthy result from our study was that low ALT predicted postoperative mortality, despite the lack of significant associations with other specific major adverse events. Thus, low ALT levels may reflect a diminished physiological reserve to recover from postoperative insults, rather than predicting certain complications.

Similarly, AST appears to have an inverse association with postoperative mortality at low levels. Although the available literature related to ALT is more extensive, the relationship between low AST and increased mortality has been reported in previous studies \[[@r4], [@r18]\]. Decreased survival may be due to hepatic aging and patient vulnerability, as observed in patients with low ALT. Conversely, high AST levels showed a positive association with postoperative mortality. Considering the low liver specificity of AST and the low mortality rate in the high ALT group from our results, hepatic disease may not be the cause of the increased mortality observed in the high AST level group. Indeed, AST is one of the cardiac markers \[[@r25]\], and elevated AST levels may indicate a hypoperfusion state due to cardiac dysfunction \[[@r8], [@r20]\]. Thus, the increased mortality associated with high AST levels may result from underlying cardiac dysfunction and myocardial damage. The increased number of major adverse cardiovascular events in the high AST group may support this explanation. However, the U-shaped relationship between preoperative AST and postoperative mortality was not significant after adjustment with possible confounders. Other known risk factors in cardiovascular surgery may act as confounders due to the organ non-specificity of AST. Therefore, given AST's lack of organ specificity and the availability of more specific markers, such as troponin I, creatine kinase-muscle/brain, and ALT, the usefulness of AST alone as a predictor of postoperative mortality in cardiovascular surgery may be inadequate.

Finally, the De Ritis ratio showed a positive independent association with postoperative mortality. It seems plausible because ALT has a negative correlation with postoperative mortality and the increasing trend of mortality was observed in the high AST group. This result is in line with previous studies reporting the De Ritis ratio as a predictor of mortality after urologic cancer surgery \[[@r13], [@r14]\]. However, previous studies have only focused on the numerator of the ratio and explained that the increased De Ritis ratio reflects increased AST activity resulting from anaerobic metabolism of cancer cells. Considering the previously described importance of low ALT, the De Ritis ratio should also be interpreted with regard to the denominator. Taken together, the De Ritis ratio may be a composite marker that reflects cardiac status for a given patient's vulnerability and may be a useful predictor of postoperative mortality and morbidity in cardiovascular surgery.

Clinical implications
---------------------

First, our results suggest new insights into the preoperative serum aminotransferase levels in cardiovascular surgery. Most perioperative clinical interest has focused on elevated serum aminotransferase levels. Nearly all clinicians often consider normal serum aminotransferase levels to reflect a healthy liver, but this may not be true. Our results suggest that clinicians should pay closer attention to low ALT levels and high De Ritis ratios in patients requiring cardiovascular surgery, particularly in the elderly. As the number of elderly individuals requiring cardiovascular surgery increases, determining the most appropriate intervention for older patients has become a critical clinical issue. To gain further insight into this issue, interest in biological age, rather than chronologic age, and frailty of the elderly has been increasing. Several scoring systems and assessment tools have been proposed, but the expense of time and resources makes it difficult to utilize these methods with all surgical procedure candidates \[[@r26]\]. Thus, there has been a demand to develop a simple method to assess frailty, such as using ICD-10 codes \[[@r27]\]. In this respect, the use of serum aminotransferase levels has the advantage of being easy to evaluate at a low cost; it may become a relevant risk factor that reflects hepatic aging and overall frailty in cardiovascular surgery. However, this concept should be validated in further studies under different settings.

Second, mild serum aminotransferase elevation appears to have a limited association with poor postoperative prognosis in cardiovascular surgery. Thus, delaying surgery to perform an additional evaluation of the liver may be not necessary for patients asymptomatic of liver disease. Indeed, it has been recommended that patients can proceed to surgery without additional tests if AST and ALT levels are less than twice the upper normal limit \[[@r28]\]. However, this recommendation was not based on high-quality evidence \[[@r5]\]. Others have recommended postponing elective surgery until the determination of the etiology or resolution of the elevated aminotransferase \[[@r29]\]. The results of our study, the comparable prognosis of high ALT with that of normal range, may assist clinicians in determining patients' prognosis and reduce wasted resources, overspending, and patient anxiety. However, careful review of medical history and physical examinations should always be a requirement in patients with elevated aminotransferase.

Limitations
-----------

First, we cannot provide a precise mechanism for the relationship between preoperative serum aminotransferase and postoperative mortality due to the retrospective study design. Although we used nearly 30 variables available in our database for adjustment, some possible confounders, including liver volume, vitamin B~6~ level, nutritional status, and sarcopenia, could not be collected. Therefore, further studies are required to explore underlying mechanisms, especially modifiable ones, such as vitamin B~6~ deficiency and poor nutritional status.

Second, it is unclear whether our results may be generalized for patients whose preoperative serum aminotransferase levels are more than twice the upper normal limit. Indeed, we anticipated performing additional sensitivity analyses for aminotransferase levels more than twice the upper normal limit. However, even after the inclusion of 6264 patients, the number of patients with such high preoperative serum aminotransferase levels was less than 100 (1.6%). Thus, it was difficult to precisely analyze risk in these groups, and the confidence interval in the continuous analysis was also very wide in this range. Furthermore, not all patients with aminotransferase levels more than twice the upper normal limit proceeded to surgery, and some patients underwent the procedure only after normalization of aminotransferase levels. This may represent a selection bias. Therefore, our results should be interpreted with caution for preoperative serum aminotransferase levels above twice the upper normal limit.

CONCLUSIONS
===========

In patients undergoing cardiovascular surgery, low preoperative serum ALT levels and high De Ritis ratios were significantly associated with postoperative 90-day all-cause mortality, particularly in the elderly. Therefore, preoperative serum aminotransferase levels may be a valuable prognostic marker in cardiovascular surgery. These findings should be validated in further studies.

MATERIALS AND METHODS
=====================

Study participants
------------------

This observational cohort study included patients who underwent cardiovascular surgery between January 2010 and December 2016 at a tertiary academic hospital in South Korea. The Institutional Review Board (AMC IRB 2019-0176) approved this study protocol and waived the requirement for informed consent owing to the anonymous and retrospective nature of the study. This study was carried out in accordance with the Declaration of Helsinki and the Strengthening the Reporting of Observational Studies in Epidemiology guidelines \[[@r30]\].

All clinical information on the study population was collected from the Electronic Medical Record System (Asan Medical Center Information System Electronic Medical Record) and the Asan Medical Center Cardiovascular Surgery and Anesthesia Database \[[@r31]\]. All patients in the database were assessed for eligibility. For patients who underwent more than one operation during a single hospital stay, the first scheduled operation was considered as the index procedure, and the non-index procedures were excluded. Patients under 20 years of age, those who underwent endovascular surgery or emergency surgery, those with a preoperative intra-aortic balloon pump or ventricular assist device support, and those who previously underwent liver transplantation were excluded.

Definitions of study exposures, outcomes, and variables
-------------------------------------------------------

As we hypothesized that both low and high preoperative serum aminotransferase levels might associate with poor postoperative outcomes, serum aminotransferase levels were categorized into three groups according to their distribution: low (≤20th percentile; exposure), middle (20th--80th percentile; control), and high (\>80th percentile; exposure). We also performed continuous analysis to evaluate the dose-response relationship between serum aminotransferase levels and the primary outcome. The primary outcome was reported as postoperative 90-day all-cause mortality according to recent recommendations from the European Society of Anaesthesiology and the European Society of Intensive Care Medicine \[[@r32]\]. The survival status of patients was obtained from our medical records or the National Health Insurance status. Exploratory secondary outcomes were in-hospital death, prolonged hospital length of stay (\>14 days), major adverse cardiovascular events, stroke, pulmonary complications, acute kidney injury, and gastrointestinal complications within 30 days postoperatively. Detailed definitions of secondary outcomes and variables are described in [Supplementary Table 2](#SD2){ref-type="supplementary-material"}.

Perioperative management and laboratory tests
---------------------------------------------

Our perioperative management was carried out in accordance with the standards of our institution as previously described \[[@r31], [@r33]\]. As part of the preoperative evaluation, all patients underwent routine chemistry tests using the Roche cobas 8000 c702 analyzer (Roche Diagnostics, Mannheim, Germany) at the central laboratory. These tests included the measurement of serum ALT and AST levels as well as other crucial prognostic biomarkers, including creatinine and albumin. Hepatitis B virus surface antigen and hepatitis C virus antibodies were also routinely screened. In our laboratory, the serum aminotransferase levels were measured using the modified International Federation of Clinical Chemistry method without pyridoxal-5'-phosphate supplement. The AST and ALT threshold of 40 IU/L (0.67 μkat/L in SI units) was used independently of patient sex. The patients with borderline elevation of preoperative serum aminotransferase levels (defined as less than twice the upper normal limit) underwent scheduled surgery without any further evaluation unless there were symptoms and signs of liver disease. For patients with serum aminotransferase levels more than twice the upper normal limit, a multidisciplinary and individualized management plan was devised.

Statistical analysis
--------------------

The sample size was initially driven by all eligible patients and followed by statistical power analysis. Assuming an overall postoperative 90-day mortality of 2.9% \[[@r34]\] and a clinically significant difference of 2% to detect in exposure groups, a two-sided log-rank test with a sample size of 6264 subjects could achieve 93.5% power at a 0.05 significance level. For missing values, single value imputation was performed using the Markov chain Monte Carlo method, because missing values were less than 0.5% in all variables except for C-reactive protein (295 of 6264; 4.71%). Categorical variables are reported as frequencies (percentages), and continuous variables are reported as medians with interquartile ranges. Differences between groups were evaluated using the chi-square test or Fisher's exact test for categorical variables; and the independent t-test, one-way analysis of variance, Mann-Whitney rank-sum test, or Kruskal-Wallis test were used for continuous variables, as appropriate.

Unadjusted relationships between potential predictors and primary outcome were examined by univariate Cox proportional hazard models, and Kaplan-Meier curves were used for graphical presentation. For the continuous analysis, restricted cubic spline testing indicated there were significant non-linear relationships between serum aminotransferase levels and the primary outcome. Thus, the restricted cubic spline variables were also included in the final model. In the multivariable analyses, adjustments were made for potential confounders from the European System for Cardiac Operative Risk Evaluation (EuroSCORE) or the Society of Thoracic Surgeons risk models and from background knowledge such as sex, age, body mass index, estimated glomerular filtration rate, type of surgery, urgent surgery, ejection fraction, pulmonary hypertension, acute coronary syndrome, liver disease, statin, alcohol consumption, albumin, and bilirubin. Multicollinearity was assessed with the variance inflation factor using a reference value of four, and Schoenfeld residuals were used to check the proportionality assumption. For secondary outcomes, multivariable logistic regression models were used, and odds ratios were adjusted by the same possible confounders used in primary outcome analysis. We performed additional interaction analyses to determine possible effect modification by the prespecified subgroups (age ≤60 or \>60 years and patients with or without liver disease). To verify the usefulness of serum aminotransferase as a new prognostic marker, incremental values incorporating serum aminotransferase levels into the main multivariable model were assessed. Net reclassification improvement and integrated discrimination improvement were used to quantify the incremental values \[[@r35]\].

Sensitivity analyses were performed to assess the selection biases from exposure definition. For this purpose, we categorized serum aminotransferase levels by two different methods (≤15th percentile, 15th--85th percentile, and \>85th percentile; and K-Adaptive Partitioning for survival data \[[@r36]\]) and repeated the analysis. We performed another sensitivity analysis to verify the effects of other possible confounders. In these models, logistic EuroSCORE, MELD Xi (Model for End-stage Liver Disease eXcluding INR) \[[@r37]\] scores, and other variables found to be statistically significant (*P\<*0.05) in the univariate analysis were included. The variables used for logistic EuroSCORE and MELD Xi calculations were excluded in this model.

All statistical analyses were performed with R version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria) and SAS version 9.4 (SAS Institute, Cary, NC). Two-sided *P* values \<0.05 were considered statistically significant.
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